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@ A method and apparatus for analyzing a material 
by: forming and injecting into a vacuum chamber of 
a mass spectrometer a supersonic molecular beam 
of a carrier gas mixed with a sample of the material 
to be analyzed: ionizing the material in the super- 
sonic molecular beam: mass-separating the ions ac- 
cording to their mass: and detecting the mass-sepa- 
rated ions of the material to be analyzed. The ions In 
the supersonic moiecular beam may be filtered from 
ions of the thermal bacltground molecules and car- 
rier gas after the ionizing step but before the detect- 
ing step. The detected ions may then be used for 
Identifying the material. 
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MASS SPECTROMETER METHOD AND APPARATUS FOR ANALYZING MATERIALS 



The present invention relates to a method of 
analyzing a material by mass-spectrometry (MS), 
and also to a mass spectrometer apparatus for use 
in the novel method. 

The basic elements of any mass spectrometer 
include: (a) sample introduction and gasification 
system: (b) ton source: (c) tunable mass filter (or 
mass analyzer): (d) ion detecton (e) vacuum cham- 
bers to allow the above: and (0 data processing 
and presentation anrangements. 

In conventional mass-spectrometry, the sample 
introduction is made either using a direct insertion 
through an air-lock, or through the coupling with a 
gas chromatograph. The sample molecules at the 
ion source are in the form of thermal gaseous 
molecules at the ion source temperature. 

An object of the present Invention is to provide 
a mass-spectrometry method and apparatus having 
a number of Important advantages over the con* 
ventional method and apparatus, which advantages 
will be more particularly described below. 

According to the. present invention, there Is 
provided a method of analyzing a material compris- 
ing the steps: fonming and injecting into a vacuum 
chamber of a mass spectrometer a supersonic 
molecular beam of a carrier gas mixed with a 
sample of the material to be analyzed; Ionizing said 
material in the supersonic molecular beam; mass- 
separating the ions according to their mass; and 
detecting said mass-separated ions of the material 
to be analyzed. 

The detected ions may then be used for iden- 
tifying the material. 

The moiecular beam may be a colllmated 
beam or an uncollimated free jet 

Preferably, the method includes the further 
step of filtering the ions in the supersonic molecu- 
lar beam from Ions of the thenmal background 
molecules and carrier gas after the ionizing step. 
The filtering step may be performed either before, 
or after, the mass-separating step. 

According to a further feature, the vibrational 
super-cooling prevailing in the supersonic moiecu- 
lar beam induces a substantial increase In the 
relative height of the molecular weight peak and 
the available mass spectral infomnation. 

Preferably, the material to be analyzed Is 
placed behind the nozzle of the supersonic molec- 
ular beam source at about atmospheric pressure. 
The ionizing step may be performed according to 
any of the known techniques, for example by elec- 
tronic impact with tuneable electron energy, or by 
photoionization. 

According to furttier features, the material may 
be fed to the supersonk; molecular beam from a 



gas chromatograph. and the supersonic expansion 
serves as a jet separator to enrich the material 
concentration in the moiecular beam. The filtering 
step transfers tons above a given mass to the 

5 detector and thus also performs as a cnide mass- 
separating step. The ion detector serves both as a 
universal or as a functional selective specific detec- 
tor for the gas chromatograph. 

According to still further features, the mass 

TO separated ions are monitored with respect to time 
at a given mass so as to serve as a functional 
sepciTio deteoior for a gas chiuinaiograph; also, the 
supersonic molecular beam may be chopped lo 
allow lock-In amplification data analysis. 

15 The carrier gas is preferably helium, but may 
be hydrogen, argon, nitrogen or a mobile gas of a 
super fluid chromatograph that disolves molecules 
in it and forms large clusters, e.g. CO2 or NH3. The 
mass spectrometer may be a quadruFX>le or any 

20 Other known mass spectrometer. 

The Invention also provides apparatus for ana- 
lyzing a material In accordance with the above 
method. 

TECHNICAL DISCUSSION 



Supersonic molecular beams (SMB) are char- 
so acterized by five main properties: (a) extreme 
supercooling of the molecular intemal vibrational 
and rotational degrees of freedom; (b) a controlled 
amount of kinetic energy in the hyperthermal en- 
ergy range of up to 30eV; (c) unidirectional motion 
35 in space: (d) mass focussing of heavy species into 
tiie centeriine of the molecular beam; and (e)* high 
pressure non-vacuum sample inlet kiehind the su- 
personic nozzle. The present Invention exploits 
tiiese tiiree unique properties of SMB to greatly 
40 improve the performance of mass spectrometers 
(MS), or particularly gas chromatograph -mass 
spectrometers (GO-MS), as will be described be- 
low. The invention is described below particularty 
with respect to an example using electron impact 
45 ionization (B) in an axial beam-ionizer configuration 
and a quadrupole mass spectrometer (QMS) as a 
mass analyzer, but it will be appreciated that the 
invention couhJ also be applied in other ionization 
and mass analysis mettiods. 
50 The sensitivity of any mass spectrometer de- 
pends on both ttie ionization efficiency and the 
amount of existing background noise. The ioniza- 
tion effeciency of electron impact (El) is k)wer in 
SMB-MS mostty due to ttie shorter time spent by 
the molecule in the ion source when the ton source 
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Is operated at the fly-through mode. In this mode of 
operation the molecular beam is colilmated and 
passed through the ionizer without colliding its 
walls and thus its very low vibrational^rotational 
temperature as well as high kinetic energy Is re- s 
tained. This expected reduced Ionization efficiency, 
and the required Increased pumping capacity asso- 
ciated with supersonic molecular beams would ap- 
pear to lead one away from using a supersonic 
molecular beam In a mass spectrometer. However. to 
as will be shown below, there are many advantages 
In the use of a supersonic molecuiar beam in a 
mass spectrometer which far outweigh these dis- 
advantages. 

■Molecular aerodynamic acceleration in super- is 
sonic beams is based on the co-expansion of hy- 
drogen or helium carrier gas with the heavier or- 
ganic molecules. The use of hydrogen as a carrier 
gas Increases the molecular kinetic energy upon its 
co-expansion from the nozzle to the hyperthermal 20 
range (l-SOeV). Helium, however, as a heavier gas, 
is superior to hydrogen in vibrational cooling and 
can be the optimal choice In both cooling and 
aerodynamic acceleration. In argon the vibrational 
cooling is even better but at the price of much 25 
lower available kinetic energy. The nozzle can be a 
simple pinhole, a channel, a slit nozzle, or a conical 
shaped nozzle to increase cluster formation. Pulsed 
nozzle operation can further enhance all Its prop- 
erties and reduce the pumping capacities required. ' 30 

The motion directionality and the hyperthermal 
kinetic energy is used to filter out the background 
mass spectrum of thenmai molecules in ttie vacu- 
um chamber by applying a kjw (— leV) retarding 
voltage which reject ions of background molecules 35 
atone, and thus the obtained mass spectra is clean 
and represent only those energetto molecules 
which entered the MS in the supersonic beam. The 
total supression of background contribute to a su- 
perior sensitivity in spite of the two orders of mag- 4o 
nitude lower ionization yield due to the much shor- 
ter time the molecule spent In the Ionizer (10-30 u 
sec). In addition, an open ion source allows the 
increase of the ionizing electron current by more 
than an order of magnitude. 45 

The vibrational cooling induces a substantial 
increase in the observed molcuiar undissociated 
ion. The relative increase In the abundance of 
molecular Ion can be several orders of magnitude 
In large polyatomic molecules. On the other hand, so 
the fragmentation pattern Is sometimes only slight- 
ly affected, and is amenable for comparison with 
the available thermal TOeV B mass spectra. The 
observed spectra contain information that usually is 
obtained in the combination of 8 and chemical 55 
ionization (CI), but the parent ion complex of lines 
is amenable for accurate isotopic analysis, unlike in 
CI, resulting In a possible elemental analysis. In 



addition the relative parent ion peak height contains 
new structural and isomeric infonnation. The El- 
SMB MS fragmentation pattern is totally controlled 
by the electron energy and information concerning 
ionization potential, Ion bond strengths and order of 
appearance can be extracted. In EI-SMB-MS mo- 
lecular thermal decomposition on the metal wails of 
the ionizer is avoided and the temperature limit in 
the application to thenmatly labile molecules can be 
that in deactivated quartz. Negative ion fbnnation 
due to free electron attachment or charge ex- 
change (negative chemical ionization) can be en- 
hanced by many orders of magnitude because of 
tiie vibrational supercooling. 

Sample insertion is very easy and fast It is 
performed behind uid nozzle which has helium or 
hydrogen backing pressure siightiy above atmo- 
sphere and thus tiie sample is introduced in a 
simple screw without using any air-lock and by- 
passing pumping. This property combined witti tiie- 
absence of background, facilitate a very fast and 
easy mass spectrometry and allows an order of 
magnitude Increased number of mass analysis per- 
formed per unit time. A sample may be Introduced 
as a solid, liquid or even a dilute solution witii on- 
line vaporization of the solvent Alternatively, tiie 
carrier gas pressure may be reduced slightly below 
one Atm for ttie continuous "head space" analysis 
or sniffing of tiie MS inlet gases sunrounding. 

In' the coupling of a gas chromatograph (GO) to 
a mass spectrometer (QOMS). tiie supersonic noz- 
zle serves as an efficient jet separator for tiie 
efficient transfer of GC molecules into tiie MS 
ionizer. The new EI-SMB-GC-MS is expected to 
exhibit a "tail free** operation as thermallzed mol- 
ecules following sequence of at)sorption-desorption 
cycles are not detected. The background elimina- 
tion is anticipated to allow the MS to serve as a (3C 
detector with universality as In ttie thermal con- 
ductivity detector but with sensitivity superior to 
that of a flame Ionization detector. The SMB-MS 
would appear useful as a specific functional seiec- 
tive detector with or without molecular pyrolisis or 
oxidation, and would also appear to be compatible 
with other complementary ionization methods, such 
as photoionlzation. chemical ionization and hyper- 
tiiermal surface ionization. 

We also note ttiat tiie same idea of Ion filtration 
of beam species against background molecules 
can also be adopted in tiie coupling of superfiuid 
chromatograph (SFC). In ttiis case large clusters of 
tiie studied molecules are complexed witii tiie mo- 
bile CO2 monomer. They move at ttie velocity of 
the monomer, and ttius acquire hyperthenmal ki- 
netic energy. 

Finally tiie mere process of ion filtration be- 
cause of ttie molecular initial kinetic energy can 
serve by itself as a crude mass analyzer or a mass 
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spectrometer In supersonic molecular beams the 
available kinetic energy linearly increases with the 
molecular mass and it can serve for its electrostatic 
mass separation. 

The invention is herein described, by way of 
example only, with reference to the accompanying 
drawings, wherein: 

Figs, la and lb are schematic diagrams illus- 
trating experimental setups of mass spectrom- 
eters In accordance with the present invention: 
Figs. 2a and 2b illustrate electron impact ioniza- 
tion mass spectra of 1-bromopentane; 
Figs. 3a-3c are electron Impact ionization mass 
Spectra of bromopentane isomers: and 
Fig. 4 is a schematic diagram of an experimen- 
tal setup of a mass spectrometer containing 
both electron impact ionization and surface ion- 
ization ion sources coupled to a hyperthermal 
supersonic molecular beam' source. 
Rg. la schematically illustrates a setup for 
produa'ng a mass-spectrum in supersonic molecu- 
lar beams (El-SMB-MS). The sample mixture Is 
hjected Into a gas chromatograph (GC) 1. In the 
GC output it is mixed with a canier gas 2, prefer- 
ably a light earner gas such as hydrogen or helium. 
Alternatively, the molecular sample is introduced in 
a small container 3 inserted into a small tempera- 
ture controlled vaporization chamljer 4. The molec- 
ular vapour is mixed with the carrier gas and is 
transfen'ed in the separately heated gas transfer 
line 5 into a separately heated supersonic nozzle 6. 
The gas mixture expands into the vacuum chamber 
7 which is typically pumped by a 4" or 6" diffusion 
pump. 

The supersonic free Jet is skimmed at 8 and 
the supersonk: jet also serves as a very efftctent jet 
separator in transfening most of the heavy organic 
molecules through the skimmer into the second 
vacuum chamber 9 directly to the electron beam 
tonizer 10 in an unperturbed motion. The organic 
molecules in the beam are ionized at 10 and the 
ions are transferred via the aid of the ion lens 1 1 
irrto the high vacuum chamber 12 which contains 
the quadrupole mass analyzer and its k>n detector 
13. The lens can serve for the selective transfer of 
ions of the beam molecules without those of the 
canier gas and background molecules. 

It is also possible to square wave modulate the 
molecular beam using a mechanical chopper 14 
which win be positioned in the SMB trajectory. This 
chopper allows the signal processing using lock-In 
amplification in order to discriminate against back- 
ground mass spctrum of the vacuum chamber re- 
sidual gasses when conventional B-MS is used. 
Vacuum chambers 9 and 12 can be unified into a 
single chamber pumped by a single pump, while 
chamber 7 can be pumped by a single rotary 
pump for certain applications. 



Fig. lb Illustrates a commercially available 
quadrupole mass spectrometer (such as UT1-100C) 
which already contains its own integrated ionizer 
and in which the molecular beam chopper is posl- 

5 tioned in the high vacuum chamber. Thus, whereas 
In Fig. la the Ionizer is separated from the 
quadrupole mass analyzer and is close to the noz- 
zle for increased ionization yield, in Rg. lb the 
ionizer is conveniently mounted on the quadrupole 

10 mass spectrometer, as is commerdally available. 
Rnally, we note that while quadrupole mass ana- 
lyzer has been used, this method is also compati- 
ble with other mass analysis methods such as 
magnetic mass filter, ion trap, time of flight FT-MS, 

15 etc. 



PROPERTIES AND ADVANTAGES OF EI-SMB-MS 

20 

1. Increased Sensitivity 

While the ionization efficiency in SMB is ex- 
2S pected to be up to two orders of magnitude lower 
than in conventional sampling, the obtained signal 
to noise ratio is expected to be increased due to 
the many orders of magnitude lower noise level 
involved. In hyperthermal supersonic molecular 
30 beam (HSMB), the properties of the directionality 
and high molecular kinetic energy can be used for 
the total elimination of background mass spectra of 
thennal molecules in the ionizer chamber. This 
background liltering is achieved through the selec- 
ts tive control of the ion energy. In an axial fly-through 
operation the Ion energy Is the sum of the elec- 
trtcalty given ion energy plus the neutral molecule 
kinetic energy. In hyperthemnal beams when hy- 
drogen is used as a canier gas this energy can 
40 easily exceed lOeV. If now the kms will be rejected 
by giving them a small (negative) retarding ton 
energy (— leV), a total rejection of tons formed 
from thermal molecules will be ensured. On the 
other hand. Ions formed from molecules in the 
45 HSMB will retain their original kinetic energy of 
several eV minus leV and thus will be efficientiy 
transferred through the ion lens into the quadrupole 
mass analyzer where they will be mass analyzed. 
Rgs. 2a and 2b illustrate this drastic effect in 
so the 70eV El-MS of .1 -bromopentane which is in- 
jected in a hyperthermal supersonic molecular 
beam at a rate of - 1 nanogram/sec into the QMS 
ionizer. The upper mass spectrum of Rg. 2a shows 
the result of a conventional operation of the QMS, 
55 wherein tiie MS is totally dominated by water, CO, 
COa. rotary pump oil and many ottier fragments. In 
the tower mass spectrum of Rg. 2b. the ion energy 
was reduced to -leV and a clean mass spectrum 
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of 1-bromopentane can be seen including the par- 
ent undissodated molecular ions (two bromine iso- 
topes) and severai fragment ions. 

It will also be noted that the molecular beam 
may be square wave modulated and the signal can s 
be processed using a \ock-\t\ amplifier, in this way. 
however, the background is not eliminated but is 
turned into a much smaller noise of (N)^^, instead 
of N where N is the number of generated ions per 
unit time constant. io 

While the use of MSMB and background ion 
filtratton is superior in the total background elimina- 
Hon, SMB modulation and iock-in ampfification 
might be used in the conventional B-MS mode of 
operation as schematicaHy shown in Fig la. in this is 
way the fuii Ei ionization efficiency is retained while 
the background MS is reduced, (jock-in ampiffica- 
tkan is especiaiiy desired in the mode of selected 
ion monitoring of tow mass ions where the required 
moduiatton firequency is iow and the background so 
reduction achieved is substantial. 



2. Increased Time Resolution in a QOMS - Tail 
Free Operatkin " " as 

One of the problems associated with the use of 
MS as a GC detector is known as "tailing". 

The "tailing" emerges as the result of many 
cycles of adsorption and desorption on the walls of so 
the cornpiex Ei ion source even at the temperature 
of 250' C. This slow moiecuiar desorption rate in- 
creases the time that the molecule spends in the 
ionizer and is amenabfe for ionization and detection 
and reduces the GC time resolution especially as 
when k)w volatility molecules are studied. 

In HSMB only the unscattered molecules can 
be transferred after being ionized to the mass 
analyzer. Surface scattered molecules will lose 
their energy and turn into thermal molecules which 4o 
cannot enter the mass analyzer. Thus, the real 
initial time resolution of the GC can be preserved. 

It wilt be noted that beam modulation and lock- 
In amplification also separate the in phase beam 
molecules and the background scattered molecules 4S 
and the full GC time resolution is preserved in this 
way as well. Usually beam modulation is achieved 
by the use of a conventional mectianlcal chopper, 
i^owever, in supersonic beams a pulsed valve, can 
also be used with the advantage of a substantial so 
reduction of the carrier gas load. 



3. Largely increased Mass Spectral Infbrmation 

55 

Perhaps the most important aspect of El-SMB- 
MS is the unique molecular weight and structural 
Information obtained. This important aspect is the 



result of the large intramolecular vibrational cooling. 

in a large polyatomic molecule the amount of 
Intemal thermal vibrational-rotational energy can be 
very large. The high temperature molecular vibra- 
tional energy is Ev=(3N-6)kT where N is the num- 
ber of atoms in the molecule, k is the Boltzmann* 
constant and T is the ionizer temperature which in 
many applications is -250*0. In large polyatomic 
molecules the high temperature limit for the heat 
capacity is reached even below room temperature 
due to the exponential increased density of states 
with Ev. 

In conventional TOeV electron energy electron 
impact ionization the molecular ion dissociates for 
two main reasons: (a) the electron induced ioniza- 
tion process increases the ion vibraiionai energy by 
several electron volts; and (b) the thenmal molecu- 
lar vibrational energy is carried out In the electron 
induced ionization to the ion due to the Franck- 
Condon prindple and is added to the electron 
induced vibrational excitation. 

This thenmal energy contribution to the ion 
vibrational energy can exceed tiie electron excita- 
tion contribution in large polyatomic molecules. For 
example, dioctylphtalate has 66 atoms and at 
250*0 its average Intemal thenmal vibrational en- 
ergy can be 8.3eV. Obviously tiie combination of 
these two sources of vibrational energy leads to the 
highly undesirable feature of EI-MS of tiie lack of 
molecular peak in a large portion of molecules and 
espedaliy in complicated polyatomk: molecules. 
Even if the molecular weight peak exists as a minor 
peak, it cannot be trusted. This state of affairs 
dictates the usage of additional softer ionization 
method such as chemical kwiization (CI) to supple- 
ment El. The El ionization metiiod is still desirable 
because of ttie targe amount of information given in 
ttie fragmentation pattem. Even the techniques of 
CI In several cases does not yield a pronounced 
molecular weight peak because of the intemal tiier- 
mal vit^rationai energy and because of the usually 
weaker chemical txind in tiie molecular ion as 
compared to its parent neutral molecule (one elec- 
tron less for the chemical bonds). 

One of the well-known properties of supersonic 
moiecuiar beams is tiie large vibrationalrotational 
cooling encountered which results in less tiian 
0.1 eV intemal vibrational energy. Accordingly, the 
Infomiation content in EI-SMB-MS is largely in- 
creased due to tiie folk>wing reasons: 



a. Molecular Peak 

The EI-MS spectra of supercooled molecules is 
expected to show a highly pronounced moiecuiar 
weight peak. Rgs. 3a-3c compare ttie conventional 
EI-MS, with the mass spectra obtained in the su- 
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personic molecular beam (EI-SMB-MS). 

Rg. 3a illustrates the mass spectrum of 3- 
bromopentane obtained using an effusive molecular 
beam generated from a temperature controlled ori- 
fice at 250 *C. The 70eV El-MS shows no parent 
molecular weight peak and only fragment peaks 
are observed. The molecular peak strongly de- 
creased with the molecular vibrational temperature, 
and at 250 *C it was below 0.1% of the CsHn 
fragment peak height at 71 AMU, In both 3- 
bromopentane and 2-bromopentane. Similar 70eV 
El-MS spectra are given In the literature which 
show no molecular peak. 

Rg. 3b illustrates the mass spectrum obtained 
in a fly-through mode of operation using a super- 
sonic molecular beam. Actually, all the experimen- 
tal conditions were Identical as in Rg. 3a except 
that argon carrier gas (similar results with hydro- 
gen) was added (200 torr backing pressure) to form 
a supersonic molecular beam with the S-bromopen- 
tane at the same nozzle temperature of 250* C and 
electron energy of 70eV. Two molecular weigM 
peaks are now clearly observed due to the two 
bromine 79 and 81 isotopes, each one of them is 
about 13% of the 71 AMU fragment height Rg, 3c 
illustrates the mass spectrum of a similar setup as 
3b. except the sample molecules are 1 -bromopen- 
tane. 

It will thus be seen that Rgs. 3a-3c dem- 
onstrate an increased relative abundance of the 
molecular weight peak by more than two orders of 
magnitude in El-SMB-MS as compared to conven- 
tional El-MS. It is antidpated that this state of 
affairs is general and it was also found in dioctylph- 
taiate, cholesterol, methylstearate etc. The impor- 
tance of this effect is expected to increase with the 
molecular size (number of atoms). Basically, the El- 
SMB-MS can be considered to contain the com- 
bined Information of conventional El and CI, but 
following is an explanation of why it may even be 
superior to that combination. 



b. Exact Isotope Ratio in ttie Molecular Complex 
Peaks 

The moiecular Identificatipn Is usually obtained 
from the information gathered on the moiecular 
weight fragmentation pattern and the exact quan- 
titative isotopic ratio analysis of the various com- 
plex of the peaks of the undissociated parent ions. 
This later analysis cannot be performed in 01 due 
to the large and unknown amount of proton transfer 
that results sometimes In M±1 peaks. 

The El-SMB-MS shows the exact isotope ratio 
which is now both in a prominent relative peak and 
also contains no unknown background contribu- 
tions. In Rgs. 3b-3c, for example, the doublet of 



molecular weight peaks separated by 2 AMU im- 
mediately suggests the existence of one bromine 
atom and its lack In the 71 AMU fragment which 
exactiy conresponds to M-Br. It is to be noted that 
5 accurate isotopic analysis can Yiekl molecular ele- 
mental analysis. 



c. Structural and Isomeric Information 

;o 

The use of El-SMB-MS is expected to signlfi- 
cantiy amplify structural mass spectral and 
isomeric effects which sometimes are only subtie. 
Rgs. 3a-3c demonstrate the above in the compari- 

ts son of El-SMB-MS of 1 -bromopentane (lower trace) 
and 3-bmmopentane. It Is Cleariy observed that the 
molecular peak in the secondary bromine com- 
pound is smaller by a factor of three (relatively 
uiistable primary cation). This effect Is much harder 

so to study In conventional El-MS where the molecular 
peak hardly exist or is totally buried In the noise or 
background. 



25 d. Total Fragmentation Tunability 

In El-SMB-MS the electron energy Is the only 
single experimental parameter tiiat governs the de- 
gree of ion fragmentation. This state of affairs im- 

30 plies tiiat ttie degree of fragmentation observed 
can be uniquely controlled using a single "knob" of 
ttie electron energy. This control can assure, in 
cases of doubts, ttie existence of a molecular peak 
witii much less sacrifice in senstivity. In addition, 

35 the total ion cunrent versus electron energy can be 
obtained and fitted to simple empirical formulas 
and tfte approximate ionization potential can be 
extracted. The same fitting procedure can be per- 
fomied while monitoring a given fragment and the 

40 approximate bond strength of several bonds in the 
km can be evaluated. Actually, all tiiese ideas are 
well-known and established on small molecules. 
However, ttieir Implementation on large polyatomic 
molecules was hampered by thermal vibrational 

45 Inhomogeneous effects. The use of El-SMB-MS 
can revive these ideas. 



e. Van der Waals Complexes 

50 

In ttie rare event tfiat ttie molecular peak Is still 
very weak, it can be further enhanced by the 
generation of weakly bound argon van der Waals 
compexes (when argon is used as a carrier gas). 
55 The excess vibrational energy of the ion is now 
expected to be released in ttie bond scisson of 
ttiese weakly bound atoms. The observation of 
further enhanced molecular weight peak, combined 
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with the appearance of additional peaks at a known 
added mass of the carrier gas, may serve for the 
total verification of the molecular weight peak. R- 
naily, it is to be noted that the EI-MS of van der 
Waals complexes Is unique to SMB and widen its 
scope. 



f. Library Search 

As was demonstrated in 3- and 1-bromopen- 
tane in Figs. 3a'3c, the main difference between 
El-MS and EI-SMB-MS is in the relath^e peak 
height of the molecular parent ion. This molecular 
ion is exponentially reduced with the vibrationaJ 
temperature while other ions are at a relative 
'steady state" relative abundance as they also gain 
population. Thus, the fragmentation pattern of El- 
SMB-MS Is similar In its general appearance to that 
of EI-MS. and should be compatible with the exist- 
ing libraries. The software should be modified to 
consider the existance of the molecular peak but to 
ignore its relative height. A final conflnmation 
should be performed by the isotopic analysis of the 
molecular weight complex of peaks. 



g. Negative Ion 

The vibrational supercooling can increase by 
several orders of magnitude tiie electron attach- 
ment cross-section and the ion's lifetime. Both In 
free electron attachment and negative chemical 
Ionization, a much larger group of molecules will be 
amendable for negative ion MS in SMB. 

4^ Reproducibility Reliability and Reduced Themnal 
Decomposition 

The reliability and reproducibility is expected to 
be better tiian in conventional Et-MS as there are 
no Ionizer daily temperature variation effects, no 
variable background peaks and no thermal or cata- 
lytic molecular decomposition on the Ionizer metal- 
lic walls and filament, which may vary between 
different Instnjments. As ttie molecular insertion 
can be performed using deactivated quartz tut>es 
and transfer lines and tiie nozzle can be made 
from a ceramic or quartz, EI-SMB-MS can be per- 
formed on an increased range of tiiermally labile 
molecules. 



5. Compatibility Wrth a GC 

The supersonic nozzle vacuum chamber hav- 
ing a 4* diffusing pump (Varian VHS-4) can accept 
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over 200 cc/min of hydrogen and tiius is compati- 
ble with most types of gas chromatographs. using 
lx)th packed and capillary column. The hydrogen 
carter gas Is added directiy from tiie RD detector 
5 H2 flow controller. The supersonic free jet expan- 
sion serves as a very efficient built-in Jet separator 
and may transfer over 50% of tiie organic heavy 
molecules into the ionizer. 

w 

6. Selective and Non-Selective Detection of a GC 



a Non-Selective Universal Detector 

IS 

In this mode the mass analyzer serves as an 
electrostatic lens (RF only in quadnjpoles) and 
transmit all masses. As in HSMB the molecular 
kinetic energy linearly Increases witii the mass and 
20 the EI-HSMB ionizer can be tuned to transfer Ions 
above -lOAMU which includes over 99.9% of ail 
known molecules. (The only notable exceptions are 
He and Kb). The tDackground noise will be deter- 
mined by carrier gas impurities and column bleed- 
as ing and thus the total expected sensitivity Is equiv- 
alent to Oiat of a flame ionization detector but wltti 
tiie generality of a themial conductivity detector. In 
HSMB, the hydrogen earner gas possesses only 
tiiermal energy and tiius tiie basic selectivity 
30 against tiie canier gas is retained. 



b. Selective and Spedfk: Detector 

35 The use of B-HSMB-MS offers the unique ad- 
vantages of a single detector which is ultra^n- 
sitive. extremely selective, linear over a wide range 
and which can be tuned to many functional groups 
in a single instrument The functional selective op- 
40 eration can be based on three main procedures: 

(a) Mass spectral properties and fragmentation 
patterns. Iodides for example give a noticeable 
iodine peak in the Ei-MS and thus they can be 
traced by ion selective detection at 127 AMU. 
45 (b) The organic molecules can be tiiermally 
decomposed by heating ttiem in a heated tube 
before (or after) mixing ttiem with tiie hydrogen 
carrier gas. Alcohols can be detected as CO at 
28 AMU. organic acids and esters can be de- 
50 tected by ion monitoring of CO2 at 44 AMU and 
nttroso compounds by tiie detection of NO at 30 
AMU. 

(c) The organic molecule can be oxidized and 
burnt in oxygen in a heated tube. In this way 
55 nitrogen containing molecules can be detected 
as NO, sulphur containing molecules as SO2 
and halogen containing molecules can be de- 
tected as the atomic hatogen or HX where X is 
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the halogen. 

The elimination of t)ackground mass spectral 
peaks is of special importance In the low mass 
range of 10-80 AMU wHch Is very prominent in 
any vacuum cUnamber residual gas mass spectrum. 
This mass spectral range contains most of the 
functional group masses. 



7. Fast Sample Introduction and Easy Operation 

In a-SMB-MS the molecular sample can be 
directly introduced. In a typicaJ operation in our 
laboratory the hydrogen backing pressure and flow 

. .i.j^^ ...uu. ^ ^^^-xAtr^ .mIka «n tiA ^Cnrt trtrr 

OIO ioyuicuou wiui o iw WW 

behind the nozzle. The sample is Introduced 
through a simple Wilson seal without any use of 
the time consuming air-tock and bypass pumping. 
Actually, the sample is introduced as a solid, liquid 
or a solution In a few seconds and its insertion 
depth determines its temperature. The mass 
spctrum Is then obtained in a few seconds on the 
osciloscope and is averaged. The tonizer clean- 
liness in SMB-MS is of much reduced importance 
but the gas transfer line from the sample introduc- 
tton chamber to the nozzle needs to be very clean, 
With minimal volume and held at -250* C as in a 
GC. 

Another appealing sample introduction ap- 
proach Involves a direct gas or air sampling. The 
hydrogen backing pressure is reduced to 740-730 
torr and air Is introduced through a needle due to 
the pressure difference. In this sampling mode 
reiatively volatile samples can be analyzed in a 
continuous fashion. 



8. Coupling with Other Methods of Ionization 



a. Hyperthennnai Surface lonizatton 

Hyperthenmai surface tonization (HSO constitutes a 
very promising new ionization technic^e. An exten- 
sive description of HSI is given In US Patent 
No.4845387 by A. Amirav and A. Oanon As HSI Is 
also based on the use of HSMB it also possesses 
several of the advantages of Q-HSMB such as the 
tack of background mass spectral peaks, tail free 
efficient coupling to a GC and the possible usage 
as an extremely sensitive and selective GC detec- 
tor. The extreme sensitivity of HSI. its unique frag- 
mentation pattern and the use of hyperthermal su- 
personic molecular beam makes it an ideal com- 
plementary ionization technique to El-SMB. 

Variations and Other Applications 



Rg. 4 schematically illustrates a setup that 
contain both Q-HSMB and HSI ion sources. As 
both these techniques are based on HSMB, the 
basic vacuum chambers and pumping require- 
5 ments are Identfcal as in Rgs. la and lb. and are 
therefore kientifled by the same reference numer- 
als. 

In HSI. however, the HSMB scatters from a 
solid surface which can be lowered to the beam 
10 path from a manipulator and the ions are detected 
by a perpendicular QMS. This perpendicular con- 
figuration represents a problem as EI-HSMB re- 
quires an axial QMS. This experimental problem 
can be solved in several ways as shown in Rg. 4. 
tK 1) Two QMS heads may be assembled In the 
high vacuum chamber 16 and 13; 
2) One QMS may be installed and moved be- 
tween two mounting flanges according to the 
desired ranization method: 
20 3) An altemative approach is to use two nozzles - 
instead of two QMS heads. 
4) The most promising approach seems to use 
the configuration shown in Rg. 4 with one QMS 
head 90* to the beam axis. In this case the 
25 surface is moved up or down and an ion deflec- 
tor is introduced in the ion path which is capable 
of 90* ton deflection with minimal energy ab- 
beratkxi. 

30 

b. Photoionization 

Photoionization might also be coupled to El- 
HSMB either with a line light source or with a 
35 tunable vacuum ultraviolet monochromatic light in 
order to exploit the well defined threshold tonization 
behavior of the vibrationaliy supercooled mole- 
cules. 

40 

c Conventtonal Electron Impact and Chemical ton- 
IzSatton 

The use of conventional a and CI methods can 
4s also benefit from the use of SMB. As shown in Rg. 
la the nozzle can serve as an efficient jet separator 
and it allows the use of a mechanical chopper and 
lock-in amplification for automatic background sub- 
stractlon and for the elimination of "tailing" In the 
50 detection of a gas chromatograph. In this mode a 
portion of the beam scatter from the Ionizer sur- 
face, thermalize, ionized and detected in the usual 
way. The transition from El-SMB to El is simply 
performed by switching the ion energy to +10eV. 
55 The much longer time that ttie thermal molecules 
spend in ttie Ionizer largely increase its ionization 
probability and tiie obtained MS is dominated by 
the conventional EI-MS. If the entrance and exit are 
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made small enough (or a rotary pump Is used in 
vacuum chambers 7 and 6), the pressure In the 
ionizer 10 Is inaeased and with the use of methane 
as a canier gas chemical Ionization can be per- 
formed. 

Alternatively, the supersonic free jet expansion 
may serve as a high pressure CI zone with the 
advantage of both vibrational cooling and the inher- 
ent built-in pressure gradient 

Another very appeafing approach Is to use or 
mix heavier alkanes as or In the carrier gas such as 
butane or pentane in order to promote cluster for- 
mation with the canrier gas which will Induce setf- 
chemical ionization In the cluster to yield the stable 
protonated molecular ion. with the carrier gas which 
will induce seif-chemlcal Ionization in the cluster to 
yield the stable protonated molecular Ion. 

9. CompatablBty with Superfluld (and Uquid) 
Chromatography 

The supersonic co-expansion of CO2 with the 
organic molecules from the superfiuid chromatog- 
raphy into vacuum is known to result in large 
clusters of M(C02)n where M is the molecule and n 
Is the number of CO2 molecules in the cluster. 
Typically n can be a few hundred but it can be 
reduced to a few tens. These clusters move after 
the supersonic expansion at the velocity of COz 
monomers and thus are acquired with a hyperther- 
mai kinetic energy due to their large mass. As 
described before and referring to Rg. 4a. the dus- 
ters can be ionized in the B ion source 10 and the 
directionality and hyperthermal kinetic energy can 
be used to filter out the cluster ions from back- 
ground ions. It is suggested then that the mol- 
ecules will be declusterized through a single (or 
multiple) scattering from a solid surface 15 in front 
of the mass analyzer 16. This surface scattering at 
a controlled amount of kinetic energy is known to 
efficiently convert kinetic energy into internal vibra- 
tional energy. As the CO2 intracluster Ijonds are 
much weaker, than the ordinary chemical tjonds. it 
is anticipated that they will dissociate from the ion 
and the molecule with lower Ionization potential, will 
retain the charge and can t)e mass analyzed. 



10. Hyperthermal mass Spectroscopy (HMS) 

in certain cases where only low mass resolu- 
tion of M/ M=10 is required, the El-SMB Ion 
source by itself can serve as a mass spectrometer. 
In the seeded supersonic molecular beam the 
equal vek)clties of all species dictate a linear mo- 
lecular kinetic energy Increase with the molecular 
weight After Ionization a simple electrostatic de- 



flection plate or any other method of energy analy- 
sis can be used as a mass analyzer. The simplest 
approach Is to scan the ion energy and to de- 
rtvatize the obtained ion energy scan to obtain a 

s mass spectrum. The mass resolution can poten- 
tially be increased by the use of a high throughput 
pulsed helium beam up to M/ Ms 100. Aside sim- 
pridty and high throughput the main advantages of 
HMS is In its virtually unlimited mass range. 

10 While the Invention has been described with 
respect to several preferred embodiments, it will be 
appreciated that many other variations, modifica- 
tions and applications of the inventk}n may be 
made. 

fS 

aaims 

1. A method of analyzing a material comprising the 
20 steps: forming and injecting into a vacuum cham- 
ber of a mass spectrometer a supersonic molecular 
Ijeam of a carrier gas mixed with a sample of the 
material to be analyzed; Ionizing said material in 
the supersonic molecular beam: mass-separating 

25 the Ions according to their mass; and detecting 
said mass-separated ions of the material to be 
analyzed. 

2. The method according to Claim 1, Including the 
further step of utilizing said detected ions for iden- 

00 tifying the material thereof. 

3. The method according to either of Claims 1 or 2. 
including the further step of filtering said Ions in the 
supersonic molecular beam from ions of the ther- 
mal background molecules and carrier gas after 

35 said ionizing step but before said detecting step. 

4. The method according to any one of Claims 1-3, 
wherein the vibrational super cooling prevailing in 
the supersonte molecular beam induces a substan- 
tial Increase in the relative height of the molecular 

40 weight peak and the availak}le mass spectral in- 
formation. 

5. The method according to any one of Claims 1-4. 
wherein the materia! to be analyzed is located 
behind the supersonic nozzle source at about at- 

45 mospheric pressure. 

6. The method according to any one of Claims 1-5, 
wherein said material is fed from a gas chromatog- 
raph. and the supersonte expansion serves as a jet 
separator to enrich the material concentration in the 

50 molecular beam. 

7. The method according to any one of Claims 1-6. 
wherein said supersonic molecular beam is 
chopped to alksw lock-in amplificatton data analy- 
sis. 

5S 8. The method according to any one of Claims 1-7, 
wherein said canrier gas is the mobile gas of a 
superfiuid chromatograph such as CO2 that dis- 
solves molecules In it and forms large clusters. 
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9. Apparatus for analyzing a material comprising: 
a mass spectrometer having a vacuum chamber; 
means for forming and injecting into said vacuum 
chamber of the mass spectrometer a supersonic 
beam of a carrier gas mixed with a sample of the 
material to be analyzed: 

means for ionizing said material in the supersonic 
molecular beam; 

means for mass-separating the ions according to 
their mass; 

means for detecting said mass-separated ions of 
the material to be analyzed; 
and means for utilizing said detected ions for iden- 
tifying the materia! thereof. 

10. The apparatus according to Claim 9, including 
misans for filtering said ions in the supersonic mo- 
lecuJar beam from ions of the thermal background 
molecules and carrier gas after ionization but be- 
fore detection. 

11. The apparatus according to either of Claims 9 
or 10, further including means for locating the 
material to be analyzed behind the nozzle of the 
supersonic molecular beam source at about at- 
mospheric pressure. 
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Fig. 2a 
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